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Abstract

:

This paper presents a novel output voltage regulator in the cascade structure under the consideration of both the parameter and load uncertainties. It leads to the first-order closed-loop inner and outer loop dynamics in the low-pass filter form by the pole-zero cancellation through the active damping injection, which is the main contribution of this study. Moreover, it is proved that the active damping injection level determines the disturbance rejection capability of the closed-loop system. A 3-kW DC/DC boost converter confirms the actual advantages from these two contributions.
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1. Introduction


There has been increased attention toward designing high-quality DC power management systems to widen the mobile applications recently, such as in the fields of electric vehicles, personal mobility, and drones. DC/DC converters act as core components to meet the desired power management quality in these types of systems. Interestingly, the choice of power control strategy for DC/DC converters has been considered the major concern for securing system reliability with emphasis on the feedback structure because of resultant robustness against unpredictable operating condition changes [1,2,3,4].



The multi-loop structure has been mainly used as a solution to the output voltage regulation problem, in which its inner and outer loops are used to control the inductor current and output voltage [5,6]. Originally, there was a preference to use a proportional-integral (PI) controller for implementing each loop owing to its simple structure. The feedback gains (called the PI gains) determine the cut-off frequency of each loop to satisfy the desired steady-state and transient performance from the input (reference) and output (current/voltage) system perspective. A current cut-off frequency that is faster than the voltage loop is applied to solve the two problems associated with controllers: the non-minimum phase and the admissible cut-off frequency range of the voltage loop [5,7,8]. However, the resultant closed-loop cut-off frequency for the inner and outer loops is not valid for covering a wide range of operating regions because of disturbances depending on the output voltage and load current magnitude; there would be a closed-loop performance (determined by the cut-off frequency) inconsistency for different operating conditions. The subsequent introduction of a feed-forward compensator for the inner loop alleviated this limitation, requiring knowledge of the converter true parameter values (inductance and capacitance) [9].



The closed-loop performance inconsistency problem has been addressed through advanced approaches, in particular, deadbeat [10], predictive [11], variable structure [12], nonlinear robust methods [13] and back-stepping [14], and adaptive [15] controls that require additional complicated feed-forward compensators. An offline feedback gain optimization process that solves the cut-off frequency tuning problem incorporates multi-loop feedback linearization (FL) control [16]. The global tracking control derived from a differential inclusion method includes a discontinuous switching function to achieve two features: global tracking and elimination of integral actions and pulse-wide modulation (PWM) [17]. A feed-forward compensator using a disturbance observer (DOB) was employed for state-feedback control to stabilize the target error variable with the experimental verification [18,19]. A recent proportional-type controller forming a cascade structure equipped with DOBs exponentially stabilizes the current and voltage errors and guarantees the offset-free [20]. Another DOB-based approach shaped the closed-loop energy to be exponentially dissipated by damping injection, which solves the partial differential equation without requiring the use of the converter true parameter values [21]. Proportional-derivative (PD) control aims to remove the current loop by introducing an exponential convergent voltage-derivative estimator without parameter dependence by including the DOB in the feed-forward loop [22]. The optimal performance of the closed-loop was obtained from the model predictive controls (MPCs) by constraining the control signal within an admissible set during all operating times with the requirement of the lower and upper bounds of system parameters [23].



As an alternate approach to the previous results, this study attempts to solve the closed-loop robustness improvement problem through pole-zero cancellation without the use of complicated compensators, such as those used for numerical optimization processes, use of DOBs, or to perform adaptations. Two practical constraints, the converter coefficients and load variations, are also considered. The main contributions of this study are summarized as follows.




	
(Transient performance improvement) A pole-zero cancellation mechanism based on the combination of active damping injection and a specialized PI gain structure;



	
(Robustness improvement) Proof of the disturbance attenuation capability through closed-loop analysis using an active damping coefficient.








To validate the practical merits of the proposed technique, this study presents experimental comparison results obtained using a 3-kW DC/DC boost converter hardware testbed.




2. Nonlinear Model of DC/DC Boost Converters


Figure 1 shows a DC/DC boost converter circuit with the state variables   i L   (inductor current in A) and   v  d c    (output voltage in V) driven by a control signal D (  ∈ [ 0 , 1 ]  , duty ratio) for a given source voltage   v s   (V) and pulse-width modulation (PWM) period   T s  , with   i  L o a d    denoting the load current A. The ON/OFF switching actions for each duration time   D  T s    and    ( 1 − D )   T s    yield two different circuits whose average inductor current and output voltage dynamics can be modeled as a bilinear system [5]:


     L   d  i L   ( t )    d t      =    −  ( 1 − u  ( t )  )   v  d c    ( t )  +  v s   ( t )  ,     



(1)






     C   d  v  d c    ( t )    d t      =     ( 1 − u  ( t )  )   i L   ( t )  −  i  L o a d    ( t )  ,  ∀ t ≥ 0 ,     



(2)




with   u ( t ) : = D   and L and C being the inductance and capacitance values, respectively.



The inductance and capacitance can be affected by considerable variations depending on the operating conditions, which can be written as   L =  L 0  + Δ L   and   C =  C 0  + Δ C   with their known nominal values   L 0   and   C 0   and the unknown variations   Δ L   and   Δ C  . Moreover, to eliminate the input source voltage measurement, consider the expression    v s   ( t )  =  v  s , 0   + Δ  v s   ( t )   , with   v  s , 0    and   Δ  v s   ( t )    denoting the known initial voltage value and unknown variation, respectively. These notations transform the original inductor current and output voltage dynamics (1) and (2) into a nominal version:


      L 0    d  i L   ( t )    d t      =    −  ( 1 − u  ( t )  )   v  d c    ( t )  +  v  s , 0   +  w c   ( t )  ,     



(3)






      C 0    d  v  d c    ( t )    d t      =     ( 1 − u  ( t )  )   i L   ( t )  +  w v   ( t )  ,  ∀ t ≥ 0 ,     



(4)




with unknown time-varying lumped disturbances    w c   ( t )    and    w v   ( t )   .



The following section presents the proposed output voltage control law that does not require knowledge of the parameter and load information dependence by using the nominal dynamics (3) and (4) instead of (1) and (2).




3. Proposed Control Law


3.1. Control Objective


This study attempts to assign the desired transfer functions to the inner and outer loops as


        I L ∗   ( s )     I  L , r e f    ( s )    =   ω c   s +  ω c      and      V  d c  ∗   ( s )     V  d c , r e f    ( s )    =   ω v   s +  ω v    ,  ∀ s ∈ C ,     



(5)




for the reference signals   i  L , r e f    and   v  d c , r e f    (with corresponding Laplace transforms    I  L , r e f    ( s )    and    V  d c , r e f    ( s )   ) and desired outputs   i L ∗   and   v  d c  ∗   (with corresponding Laplace transforms    I L ∗   ( s )    and    V  d c  ∗   ( s )   ) for each loop cut-off frequency, represented as   ω c   (inner loop,    ω c  = 2 π  f c    in rad/s and   f c   Hz) and   ω v   (outer loop,    ω v  = 2 π  f v    in rad/s and   f v   Hz). The inverse Laplace transform yields the time-domain expression for (5) as


       i ˙  L ∗   ( t )  =  ω c   (  i  L , r e f    ( t )  −  i L ∗   ( t )  )  ,    v ˙   v c  ∗   ( t )  =  ω v   (  v  d c , r e f    ( t )  −  v  d c  ∗   ( t )  )  ,  ∀ t ≥ 0 ,     



(6)




with the notation    f ˙   ( t )  : =   d f ( t )   d t     for any given signal   f ( t )  . For this purpose, the control objectives are formulated as exponential convergences:


      lim  t → ∞    i L   ( t )     =     i L ∗   ( t )  ,     



(7)






      lim  t → ∞    v  d c    ( t )     =     v  d c  ∗   ( t )  ,     



(8)




so that the proposed controller constrains the closed-loop inductor current and output voltage dynamics within the desired transfer functions (5).




3.2. Inductor Current Control (Inner Loop)


The proposed current controller for the error     i ˜  L   ( t )  : =  i  L , r e f    ( t )  −  i L   ( t )    given by


     u  ( t )  =  1   v  d c    ( t )     ( −  b  d , c    i L   ( t )  +  L 0   ω c    i ˜  L   ( t )  +  b  d , c    ω c   ∫ 0 t    i ˜  L   ( τ )  d τ −  (  v  s , 0   −  v  d c    ( t )  )  )  ,  ∀ t ≥ 0 ,     



(9)




with tuning parameter    b  d , c   > 0   (for active damping) yields the closed-loop current dynamics by substituting it into the open-loop current dynamics (3) such that


      L 0    i ˙  L   ( t )  = −  b  d , c    i L   ( t )  +  L 0   ω c    i ˜  L   ( t )  +  b  d , c    ω c   ∫ 0 t    i ˜  L   ( τ )  d τ +  w c   ( t )  ,  ∀ t ≥ 0 ,     



(10)




whose closed-loop behaviors are analyzed in Section 4.



Remark 1.

The proposed control law (9) forces the second-order closed-loop current dynamics (10) to be the first-order low-pass filter (LPF) dynamics through pole-zero cancellation using the active damping term   −  b  d , c    i L   ( t )    and the PI gain setting to guarantee the control objective (7). Moreover, the active damping coefficient   b  d , c    determines the current-loop disturbance attenuation level including the transient periods. Section 4 presents the formal analysis.






3.3. Output Voltage Control (Outer Loop)


The output voltage dynamics (4) gives its another expression by adopting     i ˜  L   ( t )  =  i  L , r e f    ( t )  −  i L   ( t )    as


      C 0    v ˙   d c    ( t )     =   i L   ( t )  − u  ( t )   i L   ( t )  +  w v   ( t )        =   i  L , r e f    ( t )  −   i ˜  L   ( t )  − u  ( t )   i L   ( t )  +  w v   ( t )  ,  ∀ t ≥ 0 ,     



(11)




whose stabilization can be accomplished by the proposed output voltage controller for the error     v ˜   d c    ( t )  : =  v  d c , r e f    ( t )  −  v  d c    ( t )    such that


      i  L , r e f    ( t )  = −  b  d , v    v  d c    ( t )  +  C 0   ω v    v ˜   d c    ( t )  +  b  d , v    ω v   ∫ 0 t    v ˜   d c    ( τ )  d τ + u  ( t )   i L   ( t )  ,  ∀ t ≥ 0 ,     



(12)




with tuning parameter    b  d , v   > 0   (for active damping). The control law (12) gives the closed-loop output voltage dynamics by substituting it to the open-loop output voltage dynamics (11) such that


      C 0    v ˙   d c    ( t )  = −  b  d , v    v  d c    ( t )  +  C 0   ω v    v ˜   d c    ( t )  +  b  d , v    ω v   ∫ 0 t    v ˜   d c    ( τ )  d τ −   i ˜  L   ( t )  +  w v   ( t )  ,  ∀ t ≥ 0 ,     



(13)




whose closed-loop behaviors are analyzed in Section 4.



Remark 2.

The proposed control law (12) reduces the closed-loop second-order dynamics to the first-order LPF dynamics by injecting the pole and zero into the same location (leading to pole-zero cancellation) using the active damping   −  b  d , v    v  d c    ( t )    and appropriate PI gain setting that guarantee the control objective (8). Moreover, the active damping coefficient   b  d , v    determines the voltage-loop disturbance attenuation level including the transient periods. Section 4 presents the formal analysis.





Remark 3.

There are four design parameters as (for inner loop)   b  d , c   ,   ω c  , (for outer loop)   b  d , v   , and   ω v   whose recommended tuning process is given as follows.




	1. 

	
(inner loop) Setting    b  d , c   = 0  , increase   f c   (leading to    ω c  = 2 π  f c   ) until an acceptable proportional inductor current control performance is achieved (normal range:   10 ≤  f c  ≤ 200   Hz). 




	2. 

	
For a chosen   f c   from the previous step, increase   b  d , c    from zero until the controlled inductor current trajectory   i L   is close to its desired trajectory   i L ∗   as possible.




	3. 

	
(outer loop) Setting    b  d , v   = 0  , increase   f v   (leading to    ω v  = 2 π  f v   ) until an acceptable proportional output voltage control performance is achieved (normal range:    f v  ≤ 0.1  f c    Hz).




	4. 

	
For a chosen   f v   from the previous step, increase   b  d , v    from zero until the controlled output voltage trajectory   v  d c    is close to its desired trajectory   v  d c  ∗   as possible.









This process gives the design parameter tuning result used in Section 5.





Figure 2 presents the closed-loop cascade system structure using the proposed inner and outer loop controllers (9) and (12) as the main topic of this section.





4. Analysis


This section presents the closed-loop analysis, proving that the proposed cascade system shown in Figure 2 accomplishes the control objectives (7) and (8) and provides a rough design parameter selection guideline. To this end, Section 4.1 analyzes the inner loop current control system, the results of which are used as the basis to prove the control objective accomplishment.



4.1. Inductor Current Control Loop


Lemma 1 presents an interesting result related to the closed-loop order reduction caused by active damping and the PI gain setting in the inductor current control action (9).



Lemma 1.

The controlled inductor current in the cascade system depicted in Figure 2 satisfies


        i ˙  L   ( t )  =  ω c   (  i  L , r e f    ( t )  −  i L   ( t )  )  +  f  c , F    ( t )  ,      



(14)




with the auxiliary system


        f ˙   c , F    ( t )  = −   b  d , c    L 0    f  c , F    ( t )  +  1  L 0    f c   ( t )  ,  ∀ t ≥ 0 ,      



(15)




and the input signal    f c   ( t )  : = Δ   w ˙  c   ( t )    depending on the AC component of the disturbance    w c   ( t )    (e.g.,    w c   ( t )  =  w  c , 0     (  D C c o m p o n e n t  )  + Δ  w c   ( t )    (AC component)).





Proof. 

The definition of    ζ c  : =  b  d , c    ω c   ∫ 0 t    i ˜  L  d τ   gives a two-dimensional state-space representation for the closed-loop inductor current dynamics (10) such that


      x ˙  c    =     A c   x c  +  b c   i  L , r e f   +  b  c , w    w c  ,       y c    =     c c   x c  ,  ∀ t ≥ 0 ,     








where    x c  : =      i L       ζ c       ,    A c  : =      −    b  d , c   +  L 0   ω c    L 0       1  L 0        −  b  d , c    ω c     0      ,    b c  : =      ω c        b  d , c    ω c        ,    b  c , w   : =      1  L 0       0      , and    c c  : =     1   0      . The Laplace transform of this state-space representation results in


      Y c   ( s )  =  c c    ( s I −  A c  )   − 1    b c   I  L , r e f    ( s )  +  c c    ( s I −  A c  )   − 1    b  c , w    W c   ( s )  ,  ∀ s ∈ C ,     








which yields the relationships:


      c c    ( s I −  A c  )   − 1    b c     =       ω c   (  L 0  s +  b  d , c   )     ( s +  ω c  )   (  L 0  s +  b  d , c   )    =   ω c   s +  ω c    ,        c c    ( s I −  A c  )   − 1    b  c , w      =     s   ( s +  ω c  )   (  L 0  s +  b  d , c   )    ,  ∀ s ∈ C ,     








where the order reduction (through pole-zero cancellation) occurs in the first result above from the combination of the active damping term and the PI gain setting. These two results lead to


      ( s +  ω c  )   Y c   ( s )  =  ω c   I  L , r e f    ( s )  +  F c   ( s )  ,  ∀ s ∈ C ,     








where    F c   ( s )  =  1   L 0  s +  b  d , c     s  W c   ( s )   , which completes the proof. □





The controlled inductor current dynamics (14) and (15) as the result of Lemma 1 play an important role in deriving the exponential convergence with respect to the error defined as    e L   ( t )  : =  i L ∗   ( t )  −  i L   ( t )   , which is presented in Theorem 1 in detail.



Theorem 1.

The controlled inductor current from the cascade system depicted in Figure 2 satisfies


       e L   ( t )  ≤  a  c , 1    e  −  a  c , 2   t   ,  ∀ t ≥ 0 ,  ∀  |  f  c , F    ( t )  |  ≥   2  f  c , m a x     b  d , c         



(16)




for some    a  c , i   > 0  ,   i = 1 , 2  , where    e L   ( t )  =  i L ∗   ( t )  −  i L   ( t )    and    |   f c    ( t )  | ≤   f  c , m a x    ,   ∀ t ≥ 0  .





Proof. 

It follows from (6), (14), and    e L  =  i L ∗  −  i L    that


       e ˙  L  = −  ω c   e L  −  f  c , F   ,  ∀ t ≥ 0 ,     








which leads to the time derivative of the Lyapunov function candidate    V c ∗  : =  1 2   x c ∗    P  c ∗    x  c ∗    with    x c ∗  : =       e L     f  c , F       T    and     P  c ∗  : =  diag   { 1 ,  L 0  }    as


      V ˙  c ∗    =     e L   ( −  ω c   e L  −  f  c , F   )  +  f  c , F    ( −  b  d , c    f  c , F   +  f c  )        =    −  x c ∗   Q c ∗   x c ∗  −  f  c , F    (   b  d , c   2   f  c , F   −  f c  )        ≤    −  α c ∗   V c ∗  ,  ∀ t ≥ 0 ,  ∀  |  f  c , F   |  ≥   2  f  c , m a x     b  d , c    ,     



(17)




with    |   f c   | ≤   f  c , m a x    ,   ∀ t ≥ 0  ,    α c ∗  : =   2  λ  m i n    (  Q c ∗  )     λ  m a x    (   P  c ∗  )     , positive definite matrix    Q c ∗  : =      ω c    1     0     b  d , c   2       , and    λ  m i n    (  ( · )  )    and    λ  m a x    (  ( · )  )    being the minimum and maximum eigenvalues of any square matrix   ( · )  , respectively. This completes the proof by using the comparison principle in [24]. □





For the reminder of the analysis, it is assumed that     2  f  c , m a x     b  d , c    ≈ 0   for a sufficiently large choice of    b  d , c   > 0   such that


       V ˙  c ∗   (  x c ∗   ( t )  )  ≤ −  α c ∗   V c ∗   (  x c ∗   ( t )  )  ,  ∀ t ≥ 0 ,     



(18)




(obtained from (17)), which roughly defines the exponential convergence


      lim  t → ∞    i L   ( t )  =  i L ∗   ( t )  ,     








and thus, the control objective (7) is accomplished using the proposed inner loop current controller. Moreover, the inequality (18) simplifies the proof process to prove the exponential convergence of the original inductor current error     i ˜  L   ( t )  =  i  L , r e f    ( t )  −  i L   ( t )   .



Theorem 2.

The controlled inductor current in the cascade system depicted in Figure 2 satisfies


        i ˜  L   ( t )  ≤  b 1   e  −  b 2  t   ,  ∀ t ≥ 0 ,  ∀  |   i ˜  L   ( t )  |  ≥   2 δ   ω c   ,      








for some    b i  > 0  ,   i = 1 , 2  , where    |    i ˙   L , r e f     ( t )  | ≤ δ   ,   ∀ t ≥ 0  .





Proof. 

The error     i ˜  L  =  i  L , r e f   −  i L    gives its dynamics from (10) as


        i ˜  ˙  L  = −  ω c    i ˜  L  −  f  c , F   +   i ˙   L , r e f   ,  ∀ t ≥ 0 ,     



(19)




which leads to the time derivative of the composite-type Lyapunov function candidate    V c  : =  1 2    i ˜  L 2  + η  V c ∗    with   η > 0   as


      V ˙  c    =      i ˜  L   ( −   ω c  2    i ˜  L  −  f  c , F   )  −   i ˜  L   (   ω c  2    i ˜  L  −   i ˙   L , r e f   )  + η   V ˙  c ∗        ≤    −   ω c  4    i ˜  L 2  −  ( η  α c ∗  −  1   L 0   ω c    )   V c ∗  ,  ∀ t ≥ 0 ,  ∀  |   i ˜  L  |  ≥   2 δ   ω c   ,     








with    |    i ˙   L , r e f    | ≤ δ   ,   ∀ t ≥ 0  , where the Young’s inequality   x y ≤  ϵ 2   x 2  +  1  2 ϵ    y 2   ,   ∀ ϵ > 0   and inequality (18) verify the inequality above. The upper bound of    V ˙  c   can be obtained by setting   η : =  1  α c ∗    (  1   L 0   ω c    + 1 )    as


      V ˙  c    ≤    −   ω c  4    i ˜  L 2  −  V c ∗        ≤    −  α c   V c  ,  ∀ t ≥ 0 ,  ∀  |   i ˜  L  |  ≥   2 δ   ω c   ,     



(20)




with    α c  : = min  {   ω c  2  ,  1 η  }   , which completes the proof using the comparison principle in [24]. □





For the reminder of the analysis, it is assumed that     2 δ   ω c   ≈ 0   for a sufficiently large choice of    ω c  > 0   such that


       V ˙  c   (   i ˜  L   ( t )  ,  x c ∗   ( t )  )  ≤ −  α c   V c   (   i ˜  L   ( t )  ,  x c ∗   ( t )  )  ,  ∀ t ≥ 0 ,     



(21)




which is used as a useful result for proving the control objective accomplishment (8) in Theorem 3 (the main result of this section).




4.2. Output Voltage Control Loop


Lemma 2 presents an interesting result related to the closed-loop order reduction caused by active damping and the PI gain setting in the output voltage control action (12).



Lemma 2.

The controlled output voltage from the cascade system depicted in Figure 2 satisfies


        v ˙   d c    ( t )  =  ω v   (  v  d c , r e f    ( t )  −  v  d c    ( t )  )  −  κ 1    i ˜  L   ( t )  +   i ˜   L , F    ( t )  +  f  v , F    ( t )  ,      



(22)




with the auxiliary systems


         i ˜  ˙   L , F    ( t )     =    −  κ 2    i ˜   L , F    ( t )  +  κ 3    i ˜  L   ( t )  ,      



(23)






        f ˙   v , F    ( t )     =    −   b  d , v    C 0    f  v , F    ( t )  +  1  C 0    f v   ( t )  ,  ∀ t ≥ 0 ,      



(24)




for some    κ i  > 0  ,   i = 1 , 2 , 3  , and the input signal    f v   ( t )  : = Δ   w ˙  v   ( t )    and   Δ  w v   ( t )    depending on the AC component of the disturbance    w v   ( t )    (e.g.,    w v   ( t )  =  w  v , 0     (  D C c o m p o n e n t  )  + Δ  w v   ( t )    (AC component)).





Proof. 

The definition of    ζ v  : =  b  d , v    ω v   ∫ 0 t    v ˜   d c   d τ   gives a two-dimensional state-space representation for the closed-loop output voltage dynamics (13) as


      x ˙  v    =     A v   x v  +  b v   v  d c , r e f   +  b  v , w    ( −   i ˜  L  +  w v  )  ,       y v    =     c v   x v  ,  ∀ t ≥ 0 ,     








where    x v  : =      v  d c        ζ v       ,    A v  : =      −    b  d , v   +  C 0   ω v    C 0       1  C 0        −  b  d , v    ω v     0      ,    b v  : =      ω v        b  d , v    ω v        ,    b  v , w   : =      1  C 0       0      , and    c v  : =     1   0      . The Laplace transform for this state space representation results in


      Y v   ( s )  =  c v    ( s I −  A v  )   − 1    b v   V  d c , r e f    ( s )  +  c v    ( s I −  A v  )   − 1    b  v , w    ( −   I ˜  L   ( s )  +  W v   ( s )  )  ,  ∀ s ∈ C ,     








which in turn yields the relationships:


      c v    ( s I −  A v  )   − 1    b v     =       ω v   (  C 0  s +  b  d , v   )     ( s +  ω v  )   (  C 0  s +  b  d , v   )    =   ω v   s +  ω v    ,        c v    ( s I −  A v  )   − 1    b  v , w      =     s   ( s +  ω v  )   (  C 0  s +  b  d , v   )    ,  ∀ s ∈ C ,     








where the order reduction (by pole-zero cancellation) occurs in the first result above from the combination of the active damping term and the PI gain setting. These two results with the relationships    s   C 0  s +  b  d , v     =  κ 1  −   κ 3   s +  κ 2     ,    κ 1  : =  1  C 0    ,    κ 2  : =   b  d , v    C 0    , and    κ 3  : =   b  d , v    C 0 2     lead to


      ( s +  ω v  )   Y v   ( s )  =  ω v   V  d c , r e f    ( s )  −  κ 1    I ˜  L   ( s )  +   I ˜   L , F    ( s )  +  F v   ( s )  ,  ∀ s ∈ C ,     








where     I ˜   L , F    ( s )  =   κ 3   s +  κ 2      I ˜  L   ( s )    and    F v   ( s )  =  1   C 0  s +  b  d , v     s  W v   ( s )   , which completes the proof. □





The controlled output dynamics (22) and (23) as the result of Lemma 2 play an important role in deriving the exponential convergence with respect to the error (defined as    e v   ( t )  : =  v  d c  ∗   ( t )  −  v  d c    ( t )   ), which is presented in Theorem 3 in detail.



Theorem 3.

The controlled output voltage in the cascade system shown in Figure 2 satisfies


       e v   ( t )  ≤  a  v , 1    e  −  a  v , 2   t   ,  ∀ t ≥ 0 ,  ∀  |  f  v , F    ( t )  |  ≥   2  f  v , m a x     b  d , v         



(25)




for some    a  v , i   > 0  ,   i = 1 , 2  , where    e v   ( t )  =  v  d c  ∗   ( t )  −  v  d c    ( t )    and    |   f v    ( t )  | ≤   f  v , m a x    ,   ∀ t ≥ 0  .





Proof. 

It follows from (6), (22), and    e v  =  v  d c  ∗  −  v  d c     that


       e ˙  v  = −  ω v   e v  −   i ˜   L , F   +  κ 1    i ˜  L  −  f  v , F   ,  ∀ t ≥ 0 ,     








which leads to the time derivative of the composite-type Lyapunov function candidate    V v ∗  : =  1 2   x v ∗    P  v ∗    x  v ∗  + ρ  V c    with   ρ > 0   and    x v ∗  : =       e v      i ˜   L , F       i ˜  L     f  v , F       T    and     P  v ∗  : =  d i a g   { 1 , 1 , 1 ,  C 0  }    as


      V ˙  v ∗    =     e v   ( −  ω v   e v  −   i ˜   L , F   +  κ 1    i ˜  L  −  f  v , F   )  +   i ˜   L , F    ( −  κ 2    i ˜   L , F   +  κ 3    i ˜  L  )  +   i ˜  L   ( −  ω c    i ˜  L  −  f  c , F   +   i ˙   L , r e f   )            +  f  v , F    ( −  b  d , v    f  v , F   +  f v  )  + ρ   V ˙  c        ≤    −  x v ∗   Q v ∗   x v ∗  −  ( ρ  α c  −  2  η  L 0   ω c    )   V c  −  f  v , F    (   b  d , v   2   f  v , F   −  f v  )  ,  ∀ t ≥ 0 ,  ∀  |   i ˜  L  |  ≥   2 δ   ω c   .     








Setting   ρ : =  1  α c    (  2  η  L 0   ω c    + 1 )    and     2 δ   ω c   ≈ 0   results in


       V ˙  v ∗  ≤ −  α v ∗   V v ∗  ,  ∀ t ≥ 0 ,  ∀  |  f  v , F   |  ≥   2  f  v , m a x     b  d , v    ,     



(26)




with    α v ∗  : = min  {   2  λ  m i n    (  Q v ∗  )     λ  m a x    (   P  v ∗  )    ,  1 ρ  }   , positive definite matrix    Q v ∗  : =      ω v    1    −  κ 1     1     0    κ 2     −  κ 3     0     0   0     ω c  4    0     0   0   0     b  d , v   2       , and    |   f v   | ≤   f  v , m a x    ,   ∀ t ≥ 0  . This completes the proof by using the comparison principle in [24]. □





The inequality (25) as the main result of this section concludes that the proposed control law comprising (9) and (12) ensures the exponential convergence (control objective (8)):


      lim  t → ∞    v  d c    ( t )  =  v  d c  ∗   ( t )  ,   lim  t → ∞    i L   ( t )  =  i L ∗   ( t )  ,     








subject to the design parameter setting guideline given by     2  f  c , m a x     b  d , c    ≈ 0  ,     2  f  v , m a x     b  d , v    ≈ 0   (for active damping coefficients) and by     2 δ   ω c   ≈ 0   (for the current cut-off frequency).





5. Experimental Results


This section uses the DC/DC boost converter depicted in Figure 3 to exhibit the closed-loop improvement accomplished by the proposed technique; the identified inductance and capacitance values are   L = 2   mH and   C = 2500    μF, respectively. A 50 V battery was used as the input source voltage   v s  , and a resistive load    R L  = 30  Ω   was initially connected to the converter output port. The control and sampling periods were set to be   0.1   ms with the switching frequency 10 kHz to implement the control algorithm using a Texas Instruments 32-bit processor (DSP28335). The control algorithm was coded using the C program and the nominal converter parameter value setting    L 0  = 0.7 L   and    C 0  = 0.8 C  ; this choice was considered to clarify the closed-loop performance improvement by the active damping terms depressing the magnified disturbances. Note that it is desirable to choose the identified inductance and capacitance values by the manufacture as the nominal values used for the controller implementation in the actual applications.



The inner and outer loops for the proposed cascade system were set as follows: (inner loop)    f c  = 100   Hz for    ω c  = 2 π 100   rad/s,    b  d , c   = 5  , (outer loop)    f v  = 5   Hz for    ω v  = 2 π 5   rad/s, and    b  d , v   = 0.5  . A cascade-type PI controller including a feed-forward compensation term (introduced in [5] and called the FL controller) was used for comparison purposes which is given by




	
(Inner Loop)


     u  ( t )  =  1   v  d c    ( t )     ( 2  L 0   ω c    i ˜  L   ( t )  +  L 0   ω c 2   ∫ 0 t    i ˜  L   ( τ )  d τ −  (  v  s , 0   −  v  d c    ( t )  )  )  ,     











	
(Outer Loop)


      i  L , r e f    ( t )  = 2  C 0   ω v    v ˜   d c    ( t )  +  C 0   ω v 2   ∫ 0 t    v ˜   d c    ( τ )  d τ ,  ∀ t ≥ 0 ,     








whose PI gains were designed for the inner and outer loop cut-off frequencies at    ω c   ( = 2 π 100   rad / s  )    and    ω v   ( = 2 π 5   rad / s  )   , respectively. The following subsections compare the proposed and FL controllers in both the qualitative and quantitative manners using the performance metric   J : =    ∫ 0 ∞    |  v  d c , r e f    ( t )  −  v  d c    ( t )  |  2  d t    .








5.1. Pulse Reference Tracking Performance Comparison


This experiment aims to show the constant reference tracking performance improvement of the proposed controller using three resistive loads    R L  = 30 ,  20 ,  10  Ω  . The initial output voltage reference    v  d c , r e f   = 100   V was suddenly increased to 120 V and then decreased to 80 V sequentially. Figure 4 clearly demonstrates the superiority of the proposed controller depressing the tracking performance variations compared to the FL controller; the active damping injection and suggested PI gain setting led to this significant advantage by exploiting the useful closed-loop properties discussed in Section 4. The closed-loop inductor current responses during operation are presented in Figure 5, indicating considerably faster current dynamics using the proposed controller (incorporating tolerable overshoots) compared to the FL controller.




5.2. Constant Reference Regulation Performance Comparison


This subsection compares the closed-loop performance at a fixed   v  d c , r e f = 50    V under three decreasing resistive load variations (   R L  = 15 / 12 / 7  Ω  ) with respect to restoring the load to its initial value of    R L  = 30  Ω   in a sequential and abrupt manner. As presented in Figure 6, the proposed controller accomplishes a significant performance improvement from two perspectives: the over/undershoot level reduction and performance inconsistencies caused by the different operating conditions. The pole-zero cancellation technique based on active damping injection resulted in this practical improvement. Rapid current responses under the three load variation scenarios were also obtained using the proposed control scheme, as shown in Figure 7.



Table 1 presents the numerical performance comparison results under the output voltage tracking (Section 5.1) and regulation (Section 5.2) tasks using the performance metric   J =    ∫ 0 ∞    |  v  d c , r e f    ( t )  −  v  d c    ( t )  |  2  d t    . From this result, the proposed controller achieved the significant closed-loop performance improvement at least two times compared with the FL controller.




5.3. Pulse Reference Performance Variation Comparison


This subsection verifies the nature of the performance recovery proven in Theorem 3, which is considered to be the main result of this study. For this purpose, three output voltage cut-off frequencies    f v  = 2 ,  5 ,  15   Hz were applied to the closed-loop with a fixed current cut-off frequency defined as    f c  = 100   Hz, a load    R L  = 30  Ω  , and the pulse output voltage reference used in Section 5.1. Figure 8 presents the comparison results, in which the proposed technique successfully assigns the desired output voltage cut-off frequency to the closed-loop system by exploiting the beneficial property described by Theorem 3.





6. Conclusions


This study suggests an improved cascade-type output voltage regulator by considering two features: active damping injection and a suitable PI gain structure for both the inner and outer loops. Beneficial closed-loop convergences were proven through closed-loop analysis, which included a rough design parameter tuning guideline, and revealed interesting features such as pole-zero cancellation and performance recovery. An experimental study demonstrated the practical merits of the proposed controller, demonstrating considerable improvements in closed-loop performance.
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Figure 1. Circuit configuration of DC/DC boost converters. 






Figure 1. Circuit configuration of DC/DC boost converters.



[image: Energies 14 03824 g001]







[image: Energies 14 03824 g002 550] 





Figure 2. Proposed cascade-type output voltage control system. 
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Figure 3. 3-kW DC/DC boost converter hardware configuration. 
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Figure 4. Controlled output voltage responses under pulse reference tracking task for resistive loads    R L  = 30 , 20 , 10  Ω  . 
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Figure 5. Controlled inductor current responses under pulse reference tracking task for resistive loads    R L  = 30 , 20 , 10  Ω  . 
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Figure 6. Controlled output voltage responses under constant reference regulation task with respect to abrupt resistive load variations:    R L  = 30 → 15 / 12 / 7.5 → 30  Ω  . 
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Figure 7. Controlled output voltage responses under constant reference regulation task with respect to abrupt resistive load variations:    R L  = 30 → 15 / 12 / 7.5 → 30  Ω  . 
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Figure 8. Controlled output voltage performance under fixed resistive load    R L  = 30   Ω   and increasing output voltage cut-off frequency:    f v  = 2 , 5 , 15   Hz. 
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Table 1. Numerical performance comparison results under tracking and regulation tasks using performance metric J.
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